Purpose Intra-tumoral stroma has become increasingly important in understanding tumor biology, tumor progression and clinical outcome. The amount itself, quantified as the tumor-stroma ratio (TSR), has proven to be prognostic in stage I-III colon cancer. Also, alterations in stromal organization have been found to provide prognostic and predictive information in certain cancers. Here, we evaluated the predictive value of stromal organization in high-risk stage II and III colon cancer with respect to adjuvant bevacizumab and chemotherapy. Methods In a post-hoc analysis, stromal organization was microscopically determined in hematoxylin and eosin-stained primary tumor tissue samples of 1226 patients enrolled in the AVANT trial. Results We found that patients with tumors with a disorganized stroma showed different survival rates after the addition of bevacizumab compared to standard oxaliplatin-based chemotherapy regimens. However, overall this difference was not significant with a HR of 0.94 (95% CI 0.57-1.55; p = 0.80) for disease-free survival (DFS) and 1.01 (95% CI 0.51-1.99; p = 0.99) for overall survival (OS). Subgroup analysis, however, revealed that stromal organization combined with TSR allowed the identification of stroma-high patients with absolute cumulative survival benefits up to 15% when bevacizumab was added to oxaliplatin-based chemotherapy regimens. Conclusions In high-risk stage II and stage III colon cancer, we found that subgroup analysis of the combined parameters stromal organization and TSR allows for the identification of patients with absolute cumulative DFS and OS benefits of up to 15%, when adding bevacizumab to the currently recommended oxaliplatin-based chemotherapy. Stromal organization itself does, however, not serve as an independent prognostic or predictive parameter.
Introduction
Over a decade ago bevacizumab, a humanized anti-VEFG monoclonal antibody, was introduced as a new therapeutic agent for metastatic colon cancer. Since then, limited progress in systemic treatment of colon cancer has been made. Maximum utilization of existing drugs such as bevacizumab is, therefore, warranted. Currently, no validated predictive markers are available for bevacizumab and its use is only recommended in stage IV disease [1] [2] [3] [4] [5] [6] .
The tumor microenvironment is considered increasingly important for our understanding of tumor progression and invasion and it serves as a valuable source for potential prognostic and predictive cancer biomarkers [7] [8] [9] . Previously, we have shown that the amount of intra-tumoral stroma itself may serve as an independent prognostic biomarker for colon cancer, referred to as the tumor-stroma ratio (TSR) [10] [11] [12] . This finding has been independently validated by other groups [13, 14] . Despite its prognostic value, as of yet, evidence is lacking for TSR as a predictive biomarker for adjuvant targeted therapy [15] . However, a trend towards disease-free survival benefit was observed in patients with high stromal tumors in highrisk stage II and stage III colon cancer [16] . Currently, evidence is accumulating on the significance of intra-tumoral stroma organization in cancer. Alterations in collagen structures, such as fiber alignment, maturity, length, width and density, have shown to be prognostic in multiple cancer types [17] [18] [19] [20] [21] [22] . A limited number of studies has so far focused on the predictive value of altered collagen structures. In breast cancer, Dekker et al. [20] found that patients with tumors containing highly organized collagen fibers within the intra-tumoral stroma showed a higher benefit from neoadjuvant chemotherapy than those with tumors with a disorganized stroma. This organization was microscopically evaluated and quantified using image analysis. As yet, the predictive value of this stromal organization has not been studied in colon cancer, in particular not in relation to its response to targeted therapy. Here, we evaluated whether stromal organization may serve as a biomarker to predict benefit from adjuvant targeted therapy and may improve the predictive potential of the TSR. To this end, we performed a post-hoc analysis wherein stromal organization was determined in high-risk stage II and III colon cancer patients treated with adjuvant chemotherapy plus or minus bevacizumab as part of the AVANT trial [3] .
Material and methods

Study population
Available hematoxylin and eosin (H&E) stained tumor tissue slides from patients randomized in the AVANT trial were included in our analysis and they constituted our biomarker evaluable study population (n = 1226; 35.5% of AVANT intention-to-treat population). The AVANT trial is an adjuvant phase 3 (open label) randomized controlled trial that enrolled patients with high-risk stage II and stage III colon cancer. All patients underwent treatment with curative intent, including surgery (prior to randomization) followed by adjuvant chemotherapy in one of three assigned treatment arms: 5-fluorouracil/leucovorin plus oxaliplatin (FOLFOX-4) for 24 weeks followed by 24 weeks of observation, FOLFOX-4 + bevacizumab or capecitabin plus oxaliplatin (XELOX) + bevacizumab for 24 weeks followed by bevacizumab monotherapy for 24 weeks. The AVANT trial was performed in accordance with the declaration of Helsinki and the protocol was approved by local ethical review committees. For a more detailed trial design, see de Gramont et al. [3] . Additional informed consent was not required for the current study (see ethical statement below).
Stromal organization scoring
Stromal organization was determined by digital microscopic analysis of three randomly selected intra-tumoral stroma regions in H&E stained tumor slides. The slides were first digitalized by scanning them with a digital pathology slide scanner (Philips IntelliSite Ultra Fast Scanner). Subsequently, using a 10x magnification, three intra-tumoral stroma regions were randomly selected for each slide. Image fields were required to have neoplastic cells present at all borders, as described in previous studies investigating the prognostic value of the tumor-stroma ratio in colon cancer [10, 11] . A minimum of two separate images was considered sufficient, whereas a single image was considered insufficient (for instance due to a limited amount of invasive cancer or a poor tissue quality). The selected images were loaded into Image J (Image Processing and Analysis in Java, https://imagej.nih.gov/ij/). Alongside the orientation of the stromal fibers, 10 lines were drawn on each image in order to capture the overall stromal organization of the tumor. Two observers (SZ, PW) scored the images in a blinded manner. For each image, the mean orientation of the vectors was calculated into a standard deviation. The mean standard deviation of the images was considered as a final score and measure for the stromal organization within each tumor. A low value for the standard deviation indicated a radial stromal organization (i.e., aligned stroma) and a high value indicated a broad distribution (i.e., disorganized stroma) [20] .
Statistical analysis
Statistical analyses were performed using IBM SPSS Statistics software version 23.0.
Stromal organization was converted to a categorical variable by calculating secondary cut-offs, thereby creating two stromal organization groups: 1 -aligned and 2 -disorganized. Associations between stromal organization and therapy, disease stage, age, gender, tumor-stroma ratio, CEA-level and genetic mutation status (i.e., BRAF or KRAS or DNA mismatch repair deficiency) were assessed using a univariate Cox-regression analysis. Parameters with a p value < 0.10 in the univariate analysis were included in multivariable analyses.
Inter-observer variability was tested using the intra-class correlation coefficient (ICC).
The Kaplan-Meier method with a log-rank test was used to analyze time-to-event endpoints. The primary endpoint was disease-free survival (DFS) and was defined as the time between randomization and recurrence, new occurrence of colon cancer or death from any cause. Event-free patients at the clinical cut-off date were censored at the last date at which they were known to be disease-free and alive. The secondary endpoint, overall survival (OS), was defined as the time from randomization to death. Patients who were alive at the clinical cut-off date were censored at the date at which they were last confirmed to be alive. Predictive analyses were performed using a Cox proportional hazards model including an interaction term between treatment arms and stromal organization. The interaction test was used to test the null hypothesis that stromal organization is not predictive for response to bevacizumab. The correlation between TSR and stromal organization was tested using Spearman's rank coefficient. A Cox regression interaction analysis was performed between the TSR and stromal organization, with the null hypothesis that the effect of stromal organization was independent of the TSR. A p value < 0.05 was considered statistically significant. In order to determine an adequate sample size, a pilot analysis was performed on a random selection of 227 patients.
To reach a power of 80% with an α-level of 5%, a sample size of at least 789 patients was found to be necessary.
Results and discussion
Since the introduction of bevacizumab as a therapeutic agent for metastatic colon cancer, numerous studies have considered possibilities to expand the applicability of this agent beyond the metastatic disease group. However, thus far all studies on adjuvant bevacizumab have reported negative results, and a predictive biomarker for its efficacy has so far not been identified [1, 3, 4, 15, 16] .
Here, we set out to investigate whether the stromal organization has predictive value for anti-VEGF therapy in high-risk stage II and III colon cancer. To this end, 1226 H&E stained tissue slides were evaluated for stromal organization with a sufficient to good level of agreement (ICC = 0.62). Subsequently, the tissues were stratified in two equal stromal organization groups based on the calculated cut-off value (Table 1) . Upon predictive analysis, we found that the Kaplan-Meier-estimated 5 year DFS percentage for disorganized tumors was 57% in the FOLFOX-4 + bevacizumab group, whereas in the FOLFOX-4 monotherapy and XELOX + bevacizumab groups this was 83% and 73%, respectively (p = 0.06; Fig. 1a ). In the aligned stroma group this difference was not observed between the three treatment groups (p = 0.99; Fig. 1b ) Why the treatment disadvantage was only apparent in the disorganized stroma tumors treated with FOLFOX-4 + bevacizumab remains to be established. In case of a bevacizumab related effect, this would also be expected in the XELOX + bevacizumab group. The Cox proportional hazards model ruled out stromal organization as an independent predictor: hazard ratio (HR) 0.94 (95% CI 0.57-1.55; p = 0.80). Consequently, the interaction between stromal organization and response to therapy was not significant either (p = 0.25, Table 2 ).
In the OS analysis, the previously observed difference in survival percentages between the treatment arms within the disorganized stroma group was less pronounced, with an estimated 7.5 year OS percentage of 89% in the FOLFOX-4 group, 79% in the FOLFOX-4 + bevacizumab group and 90% in the XELOX + bevacizumab group (p = 0.07; Fig. 2a ). Within the aligned stroma group, both DFS and OS were found to be equal between the three treatment arms (p = 0.99; Fig. 1b, p = 0.92; Fig. 2b) . The proportional hazards model revealed a HR 1.01 (95% CI 0.51-1.99; p = 0.99) for stromal organization and a non-significant interaction (p = 0.45, Table 2 ).
Regarding prognosis, no significant differences were observed for DFS (p = 0.99) or OS (p = 0.73) between patients with aligned stroma tumors versus disorganized stroma tumors, with a HR 1.03 (95% CI 0.76-1.40; p = 0.84) for DFS and a HR 1.06 (95% CI 0.71-1.57; p = 0.78) for OS in the multivariable analysis (data not shown). This observation corresponds with previously published data from Hanley et al. [21] , who also ruled out collagen alignment as a significant prognosticator for cancer-specific survival in colorectal cancer. Our observation is also in agreement with a previous observation in gastric cancer [19] , whereas for breast and pancreatic cancer a negative prognostic value of aligned stroma was found [22] [23] [24] , suggesting that the use of stromal organization (i.e., alignment) as prognosticator may be limited to certain cancer types.
Finally, we set out to investigate whether we could improve the predictive potential of TSR through the addition of stromal organization, since we previously found a beneficial trend in distinguishing responders from non-responders to adjuvant bevacizumab using the TSR. In this study, we observed a trend towards DFS benefit in stroma-high tumors when adding bevacizumab to FOLFOX-4 chemotherapy (p = 0.08) [16] . For 1103 of the 1128 patients included in the current study TSR scores were available (determined as part of a previous report) [16] , of which 774 (68.6%) were categorized as stroma-low and 329 (29.2%) as stroma-high. analysis, we divided the data per TSR category, thereby observing noteworthy survival differences between the three treatment groups. We found that within the stroma-low tumors the stromal organization status did not affect current clinical treatment choices, since the FOLFOX-4 monotherapy group showed better, or at least equal, DFS and OS rates compared to the bevacizumab groups (Figs. 3a, b, 4a, b) . However, within the stromahigh tumors the stromal organization did seem to be relevant when considering absolute cumulative survival percentages after adjuvant chemotherapy. Specifically, we found that for stroma-high/aligned stroma tumors the 5 year DFS was most favorable for the FOLFOX-4 + bevacizumab group (84%) compared to 69% in the XELOX + bevacizumab group and 71% in the FOLFOX-4 monotherapy group (Fig. 3c) . Within the stroma-high/disorganized stroma group, the XELOX + bevacizumab group showed the best survival percentage ( 8 5 % ) c o m p a r e d t o 7 7 % i n t h e F O L F O X -4 + bevacizumab group and 70% in the FOLFOX-4 monotherapy group (Fig. 3d) . Despite the notable differences in survival percentages within both stroma-high subgroups, the overall log-rank tests were not significant for stroma-high/aligned stroma (p = 0.19) and stromahigh/disorganized stroma (p = 0.27) groups, respectively. Corresponding to the DFS analysis, for the OS the overall log-rank test revealed a significant difference in the stromalow/disorganized group (p < 0.001), whereas for stroma-low/ aligned (p = 0.56), stroma-high/disorganized (p = 0.13) and stroma-high/aligned (p = 0.80) no significant differences were observed. The beneficial trend in favor of FOLFOX-4 + bevacizumab, previously found for 5 year DFS within stroma-high/aligned tumors, was now no longer observed (Fig. 4c) . Within the stroma-high/disorganized tumors, XELOX + bevacizumab however, the XELOX + bevacizumab and FOLFOX-4 + bevacizumab arms exhibited better absolute survival rates (92% and 91%, respectively) compared to FOLFOX-4 monotherapy (78%), although overall the result was not statistically significant (p = 0.13, (Fig. 4d) . Based on these results, we conclude that implementation of stromal organization and TSR status into clinical decision making, with respect to the addition of bevacizumab, may have clinical potential, since we observed absolute survival benefits up to 15% compared to the currently recommended oxaliplatin-based chemotherapy regimens. Given the retrospective nature of our study, however, our data should be validated using other independent cohorts. One could argue that there are more advanced methods for the visualization of collagen fibers, such as second harmonic generation imaging, instead of the conventional light microscopy-based visualization method used in this study. However, since current routine practice is still mostly based on observer assessment of H&E tissue slides, the method applied in our current study could be considered as more simple to use, cost-effective and feasible. Despite being an observer dependent method, we found a good level of agreement, in concordance with Dekker et al. [20] , who previously applied the current method to breast cancer analysis. Lastly, it should be noted that the current data are based on a post-hoc exploratory analysis. Although the data are derived from a well-defined prospective randomized controlled trial and the currently described study was powered for an adequate sample size, confirmatory studies are needed to definitely rule out stromal organization as a predictive parameter in colon cancer.
In conclusion, we found that stromal organization does not serve as an independent prognostic or predictive parameter in high-risk stage II and stage III colon cancer. Our work did, however, provide novel information through the subgroup analysis, although this information should be handled with care since the overall outcomes were not significant. Despite this, we found that XELOX + bevacizumab the combination of stromal organization and TSR allowed for the identification of patients with absolute cumulative DFS and OS benefits up to 15% when adding bevacizumab to currently recommended oxaliplatin-based chemotherapy regimens.
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